Objective: Insulin regulates the GH-IGF1 axis. Insulin analogs differ from human insulin in receptor affinity and possibly liver accessibility. Therefore, we compared the GH-IGF1 axis response with human NPH insulin, insulin detemir, and insulin glargine in patients with type 1 diabetes (T1D). Methods: A total of 17 patients (seven were women) with T1D (age of 42 (24-63) 3) mg/l!h), but in the highest AUC of bioactive IGF (3.8 (3.5-4.2) vs 3.7 (3.4-4.0) vs 4.4 (4.1-4.8) mg/l!h) (all P!0.01). These differences were unrelated to plasma glucose. By contrast, profiles of total IGF1, IGFBP2, and IGFBP3 were comparable. Conclusions: Independent of plasma glucose, a single dose of detemir caused larger suppression in serum IGFBP1 than NPH and glargine, whereas bioactive IGF was higher, thereby explaining the lower GH levels. Thus, detemir appears to be more liver specific than NPH insulin and glargine.
Introduction
The insulin analogs glargine and detemir represent recent treatment alternatives resulting in flatter blood glucose profiles, prolonged duration of action, and less intraindividual day-to-day variation than human NPH insulin (1, 2, 3) . Insulin glargine differs from human insulin due to the replacement of glycine for asparagine at position A21 and addition of two arginine molecules at position B30 (4) . As a consequence of these modifications, glargine forms micro-precipitates in the subcutaneous tissue, wherefrom it is slowly released into the bloodstream. The principle of insulin detemir is quite different as it is based on the addition of a fatty acid (myristic acid) bound to lysine at position B29 (5) . In contrast to glargine, detemir is absorbed rapidly after s.c. injection. However, as the fatty acid residue associates with high affinity with free fatty acid-binding sites on albumin, more than 98% of detemir circulates bound, albeit reversible, to albumin (6) . Slow release from albumin as well as strong self-association of detemir leads to its prolonged hypoglycemic action and reduced variability.
Abnormalities in the growth hormone-insulin-like growth factor 1-insulin-like growth factor-binding protein (GH-IGF1-IGFBP) axis have consistently been reported in patients with type 1 diabetes (T1D). These abnormalities are consequences of portal insulinopenia and include GH hypersecretion, secondary to low circulating levels of IGF1 and elevated levels of IGFBP1 (7, 8, 9) . Although these abnormalities to a certain extent reflect the glycemic control (10) , they are likely to be metabolically unfavorable per se. GH exerts insulin-antagonizing effects whereas IGF1 serves as an insulin sensitizer (11, 12) . Tight glycemic control appears, however, to be unable to fully normalize the changes of the GH-IGF1-IGFBP axis (8) . This may be explained by the inability to normalize portal insulin levels following s.c. insulin administration (13) .
Owing to its association with albumin, the transcapillary transport of detemir is delayed in adipose tissue and skeletal muscle, whereas both free and albumin-bound detemir can freely access the hepatocytes through the open sinusoids in the liver. This may explain that detemir has a greater activity in the liver than in peripheral tissues when compared with NPH insulin (14, 15) .
Based on the different modes of action of detemir (circulating depot) and glargine (s.c. depot), and the observation that detemir appears to possess an increased liver specificity, we hypothesized that detemir exerted a greater impact than glargine on the circulating IGF system, which primarily originates from the liver. In order to test this hypothesis, we performed a randomized crossover head-to-head comparison of detemir and glargine in patients with long-lasting T1D, using human NPH insulin as the control.
Subjects and methods
This was an open-label, randomized, three-period crossover study (www.ClinicalTrials.gov identification no. NCT01461616). The study protocol was approved by the local ethics committee and the Danish Medical Agency. The study was carried out according to the Declaration of Helsinki and the principles of Good Clinical Practice.
Written informed consent was obtained from all participants before any study procedures.
Subjects
Eligible patients were men and women who were R18 years of age, diagnosed with T1D according to the WHO criteria 1999 (16) for at least 6 years, treated with continuous s.c. insulin infusion (CSII) for R6 months at the time of inclusion, whose total daily insulin dose was 0.4-1.4 units/kg, and having an HbA1c of 6-9% (42-75 mmol/mol) and a BMI of 18.5-28 kg/m 2 . The use of CSII by patients ensured that none of the included participants had recently been exposed to long-lasting insulin preparations when they entered the study. The exclusion criteria included patients with allergy to investigational insulin, recurrent major hypoglycemia, acute myocardial infarction for !12 months or severe heart insufficiency, and impaired renal or hepatic function. Pregnant or breast-feeding women were also excluded.
Procedures
Following screening, eligible patients were assigned to a randomized treatment sequence with NPH insulin, insulin detemir, and insulin glargine on three separated profile days (1-6 weeks apart). On the profile days, patients reported to the Clinical Research Unit at noon, where a standardized meal was served. The standardized meal contained 3360 kJ and was composed of a fixed individual content of fat, carbohydrate, and protein, being prepared by our dieticians. The same type of meal was served on each of the three profile days. Before the standardized meal, bolus insulin was administered using the patient's insulin pump and the dose was adjusted according to the individual need. After the standardized meal, subjects remained fasted, apart from tap water until 0800 h next morning. At 1500 h, two i.v. cannulae were inserted into the peripheral veins, one for glucose and insulin infusion and the other for blood sampling. Meanwhile, patients were instructed to suspend their CSII pump. From 1500 to 1800 h, 5% glucose and human insulin (Actrapid, Novo Nordisk, Bagsvaerd, Denmark) were infused to maintain blood glucose levels between 5 and 8 mM. The infusion rates were adjusted according to a predefined algorithm and blood glucose measurement every 30 min. At 1800 h, immediately after baseline blood sampling, an individual dose of either NPH insulin (Insulatard, Novo Nordisk A/S, 100 IU/ml), insulin detemir (Levemir, Novo Nordisk A/S, 100 U/ml), or insulin glargine (Lantus, Sanofi-Aventis Deutschland GmbH, Berlin, Germany, 100 U/ml) was injected subcutaneously into a lifted skin fold in the thigh. Insulin dose was calculated based on the habitual basal insulin dose from 2000 to 0800 h. Thus, each of the patients received an individually calculated dose of the three study insulins. The same number of units was administered in the same injection area. From 1800 h till next morning at 0800 h, hourly blood samples were drawn for determination of plasma glucose and serum concentrations of IGFBP1, IGFBP2, and GH. Total IGF1 and IGFBP3 were measured at 1800, 0000, 0400, and 0800 h, while bioactive IGF was measured at 1800, 2100, 0000, 0400, and 0800 h.
Bedsides, blood glucose levels for safety monitoring were measured every 30 min from 1500 h until the end of the study visit using a commercially available plasma glucose meter (Ascensia Contour, Bayer). Patients were treated with an i.v. injection of 10% glucose if the blood glucose measurement was !3.1 mM.
Laboratory assessment
Plasma glucose was measured by the Immobilized Enzyme Biosensor on the YSI 2300 STAT Plus Glucose and Lactate Analyzer (YSI Incorporated, Yellow Springs, OH, USA).
Total IGF1, IGFBP3, and GH levels were determined by validated commercial chemiluminescence immunoassays using the IDS-iSYS multi-discipline automated analyzer (Immunodiagnostic Systems Nordic SA, Copenhagen, Denmark) according to the manufacturer's protocol. Limits of detection for total IGF1, IGFBP3, and GH were 4.4, 50, and 0.015 mg/l respectively. Bioactive IGF was determined by an IGF1 receptor (IGF1R) kinase receptor activation (KIRA) assay as described previously (17) with modifications (18) . Briefly, this assay determines the ability of serum IGFs to activate (i.e. phosphorylate) the IGF1R in vitro, using a HEK 293 cell line stably transfected with the human IGF1R gene.
The pool of IGF1R accessible IGF is a composite entity composed of free and dissociable IGF1. IGF2 is also recognized, albeit with a cross-reactivity that is only 12% of that of IGF1, whereas human insulin exerts !1% crossreactivity. On this basis, we have denoted this measurement as 'bioactive IGF'. The KIRA assay has a detection limit of !0.08 mg/l, and intra-and inter-assay CV values of !7 and !15% respectively. IGFBP1 was determined by an in-house time-resolved immunofluorometric assay (TR-IFMA) (18) . The intra-assay CV value of samples assayed in duplicates averaged !5%, and the inter-assay CV value of an internal control (IGFBP1 standard) and a control serum sample averaged 8.1 and 7.0% respectively. IGFBP2 was determined by a validated in-house TR-IFMA (19) with intra-and inter-assay CV values of !5 and !12% respectively.
Statistical analysis
This study had an 80% power to detect an absolute difference of 10 mg/l between the minimal values of serum total IGF1 concentrations, suggesting that at least 16 patients were needed to complete the study. Data were tested for normal distribution by using the Kolmogorov-Smirnov test. Natural logarithmic transformation was performed to improve the distribution of raw data as appropriate. For further comparison of the study insulins, the 14-h experiential period was divided by midnight (0000). The areas under the concentrationtime (AUC) curves were calculated using the trapezoidal rule and stratified into the initial phase (1800-0000 h) and the late phase (0000-0800 h). Differences in assessment endpoints were examined by ANOVA with treatment as a fixed factor, patient as a random factor, and baseline concentration as a covariance if necessary. Analysis of time-related effects was performed using the repeated measures ANOVA. Linear regression analyses were performed when applicable. Statistical analyses were performed using IBM SPSS Statistics version 20.0 
Baseline concentrations
At baseline, plasma glucose concentration and serum concentrations of total IGF1, bioactive IGF, IGFBP1, IGFBP2, IGFBP3, and GH were comparable among the three study visits (Table 1) .
Pharmacodynamics
The mean plasma glucose profiles are shown in Fig. 1A . NPH insulin, insulin detemir, and insulin glargine exhibited well-distinguished glucose profiles. Pharmacodynamic properties were similar for NPH insulin and insulin detemir in terms of maximum concentrations (Cmax) and AUCs of plasma glucose during the 14-h experiential period. After the injection of insulin glargine, plasma glucose slowly increased and reached a significantly higher Cmax when compared with insulin detemir (Table 2) . Overall, insulin glargine resulted in significantly larger AUCs of plasma glucose than NPH and detemir insulins (all P values !0.05).
Hypoglycemia
Two patients experienced three minor hypoglycemic episodes after the injection of study insulins. One patient had one episode with NPH insulin at 2.5 h after injection, the other patient experienced hypoglycemia with both insulin detemir at 6.5 h and insulin glargine at 4 h after injection. These events were treated with infusion of 10% glucose until the plasma glucose was stabilized above 3.1 mM.
Initial phase after insulin injection (the first 6 h, 1800-0000 h)
Following cessation of i.v. insulin infusion and s.c. injection of long-acting insulin preparations, a marked increase in serum IGFBP1 levels was observed during the initial 3 h of the study (Fig. 1B) . On average, IGFBP1 reached peak values 2.9 h after NPH insulin injection, 2.7 h after insulin detemir, and 3.6 h after insulin glargine.
The maximum concentrations of IGFBP1 were comparable in the three insulin groups. During the first 3 h, IGFBP1 levels increased by 3.9-fold above baseline with 
NPH insulin, 3.0-fold with insulin detemir, and 3.8-fold with insulin glargine (all P values !0.05). Hereafter, serum IGFBP1 was gradually suppressed. At 6 h, levels were still higher than baseline for all insulin groups (all P values !0.05).
The initial increments in IGFBP1 were accompanied by reductions in levels of bioactive IGF (Fig. 1C) . When compared with baseline, bioactive IGF levels decreased during the first 3 h by 33% following NPH insulin, 31% following insulin detemir, and 32% following insulin glargine (all P values !0.05). Correspondingly, serum total IGF1 levels revealed minor but significant reductions (Fig. 1D) with the treatment of NPH insulin, insulin detemir, and insulin glargine (7, 8 , and 10% respectively; all P values !0.05) during the 0-6 h period.
Serum GH concentrations gradually increased during this period (Fig. 1E ). There was no significant difference in the time to reach the Cmax of GH after the three insulin injections (Table 2 ). However, patients had a significantly lower Cmax of GH with insulin detemir than with NPH insulin or insulin glargine (Table 2 ; P!0.05).
NPH insulin, insulin detemir, and insulin glargine yielded a similar AUC 0-6 for total IGF1, bioactive IGF, IGFBP1, and GH during the first 6 h after the equal dose of injection (Table 2) .
Late phase (the last 8 h, 0000-0800 h) Slow increases in IGFBP1 levels were observed following NPH insulin and insulin detemir during the last 8-h period, whereas insulin glargine resulted in a rather stable IGFBP1 profile during that period (Fig. 1B) . The mean IGFBP1 level was lower with insulin detemir than with the other insulin preparations ( Table 2) .
Insulin detemir differed from NPH insulin and insulin glargine in terms of AUC 6-14 of IGFBP1, IGF bioactivity, and GH levels (all P values !0.05). For these outcomes, the differences between two insulin analogs remained significant during the entire study period of 14 h (Table 2 ).
IGFBP2 and IGFBP3 profiles
The profiles of IGFBP2 and IGFBP3 demonstrated the same patterns, irrespective of the type of insulin ( Fig. 1F and G) . Unlike IGFBP1, the serum levels of IGFBP2 and IGFBP3 only showed minor changes after the insulin injections. NPH insulin, insulin detemir, and insulin glargine resulted in comparable AUCs of IGFBP2 and IGFBP3, respectively, during 0-6, 6-14, and 0-14 h (Table 2) .
Correlations between GH-IGF-IGFBP parameters
Linear regression analysis was performed to examine the associations between the various peptides of the GH-IGF-IGFBP system on each treatment occasion. For some peptides, the correlation coefficients were significant and similar for the different insulin treatments (Table 3 ). The analyses indicated that irrespective of the study insulin, there were significantly inverse correlations between the levels of IGFBP1 and bioactive IGF, whereas bioactive IGF concentrations as expected were positively correlated with total IGF1. In all treatment occasions, total IGF1 concentrations were inversely correlated with IGFBP2 levels, but positively correlated with IGFBP3 levels.
Discussion
The primary aim of this study was to investigate the responses of the GH-IGF-IGFBP axis to equal individual, single doses of NPH insulin, insulin detemir, and insulin glargine in patients with T1D during a 14-h overnight period. In the early phase, we observed similar, marked, and oppositely directed changes in the profiles of IGFBP1 and IGF bioactivity following injection of NPH insulin, insulin detemir, and insulin glargine. By contrast, during the last 8 h of study, insulin detemir resulted in different profiles of IGFBP1, bioactive IGF, and GH when compared with those obtained following NPH insulin and insulin glargine. Thus, insulin detemir treatment is associated with significantly lower IGFBP1 levels, a higher IGF bioactivity, and a greater suppression in GH levels than insulin glargine over the 14-h period. By contrast, the three insulin preparations demonstrated similar effects on total IGF1, IGFBP2, and IGFBP3 profiles. Notably, the observed changes in the GH-IGF1-IGFBP axis appeared to be unrelated to changes in plasma glucose, as NPH insulin and insulin detemir showed similar effects on glucose control, while insulin glargine was accompanied by higher glucose levels. This study included patients who were normally treated with rapid-acting insulin only, delivered by CSII (pump). This infusion was stopped 3 h before the start of the study, whereafter patients received a 3-h lasting i.v. glucose infusion containing short-acting insulin, until the long-acting insulin preparations were administered by s.c. injection. Using such a design, we ensured that our study solely described the effect of the long-acting insulin preparations on plasma glucose and the circulating GH-IGF1-IGFBP axis. On the other hand, as we focused exclusively on a highly selected group of patients with T1D, care has to be taken when trying to extrapolate our findings to patients treated with other insulin regimes.
Using the same individual doses of the three longacting insulin preparations, we expected comparable plasma glucose profiles as described previously (20) , thereby enabling us to compare the activity of the various components of the GH-IGF axis during similar glycemic conditions. However, our findings failed to meet this assumption and evidently this is a limitation of our study. We observed clearly distinguishable glucose profiles reflecting the different pharmacokinetic profiles of NPH insulin, insulin detemir, and insulin glargine. Insulin detemir showed similar effects as NPH insulin on basal glycemic control, whereas insulin glargine resulted in the highest glucose Cmax and the largest AUC of plasma glucose among the three study insulins. The relatively slow release of subcutaneously injected insulin glargine into the circulation (3) is likely to account for this observation. Two previously published studies support our findings. Heise et al. compared the pharmacokinetic profile of a single dose of s.c. NPH insulin, insulin glargine, and insulin detemir by the glucose-infusion rate (GIR) during a euglycemic clamp technique in patients with T1D. The authors reported the GIR of the first 12 h to be 27 and 44% higher for insulin detemir and NPH insulin, respectively, than that observed following insulin glargine (21, 22) . Circulating IGFBP1 originates from the liver and its synthesis is primarily regulated by insulin, whereas glucose as also shown in this study plays a minor role (23) . On this basis, serum IGFBP1 can be used as a circulating marker of the hepatic insulin exposure and sensitivity (24, 25) . With the same doses, insulin detemir resulted in the lowest IGFBP1 levels among the three study insulins, thereby demonstrating that detemir more efficiently than NPH insulin and glargine is able to downregulate the hepatic production and secretion of IGFBP1. This observation fits with findings by others demonstrating that albumin-bound insulin detemir has a greater effect on the liver than on peripheral tissues (14) . When comparing NPH insulin and glargine, the latter resulted in significantly higher plasma glucose levels, whereas levels of IGFBP1 did not differ between the two insulin preparations. From this, we conclude that the hepatic exposure to subcutaneously administered insulin cannot be deduced from the measurement of plasma glucose. Furthermore, based on serum IGFBP1 levels, our data suggest that insulin detemir is more liver specific than NPH insulin as well as glargine.
Our study demonstrated an inverse association between IGFBP1 and IGF bioactivity. By employing a highly specific cell-based IGF1R bioassay, we were able to determine in vitro the biologically active concentration of IGF1 and IGF2 (i.e. free and dissociable IGFs) being able to activate IGF1R (17, 26) . Our results demonstrated that levels of IGFBP1 correlated inversely with levels of bioactive IGF during all insulin treatment occasions. This finding supports that IGFBP1 acts as a strong inhibitor of IGF bioactivity (27) . During the first 3 h, the marked increases in IGFBP1 levels were opposed by reductions in bioactive IGF. Furthermore, the significantly lower IGFBP1 AUC after insulin detemir injection was accompanied by the highest AUC of bioactive IGF among the three study insulins. The decreased circulating IGFBP1 is likely to result in a reduction in the total IGF-binding capacity, thereby increasing the fraction of bioactive IGF (28, 29) . NPH insulin and insulin glargine had comparable effects on IGF bioactivity.
In this study, serum total IGF1 and IGFBP3 remained unchanged during our study and no differences in the AUCs between the three study insulins were detected. Thus, serum total IGF1 cannot explain the difference we observed with regard to serum GH. Therefore, we find it of interest that insulin detemir, which had the highest bioactive IGF concentration among the three study insulins, is associated with the lowest GH concentration in terms of Cmax and AUCs. On this basis, we suggest that the higher levels of bioactive IGF by feedback could be responsible for the lower overnight GH levels. This observation is consistent with the findings of Chen et al. (30) , which demonstrated that the GH secretion during fasting appeared to be feedback regulated by free and bioactive IGF rather than total IGF1.
In contrast to IGFBP1, IGFBP2 and IGFBP3 displayed only small changes during the 14-h lasting experimental periods. No significant differences in IGFBP2 or IGFBP3 outcomes could be detected among the three insulin preparations. We found strong positive correlations between IGFBP3 and total IGF1, a finding in accordance with the role of IGFBP3 as the primary binding protein for IGF1 (31) . The regulators of serum IGFBP2 remain to be established. However, elevated IGFBP2 levels have been reported in T1D, even in patients with very good glycemic control (7) , and this indicates that the portal insulin level plays a certain role in IGFBP2 regulation. Our data also demonstrated an inverse correlation between IGFBP2 and total IGF1, which supports the role of IGFBP2 as a key factor in the crosstalk between insulin and the IGF system (32) .
The clinical implications of our findings remain to be determined, and it also needs to be investigated whether the observed differences between detemir and glargine persist during long-term treatment. However, we believe that the combination of a reduced GH secretion and an increased IGF1R-mediated action may have beneficial metabolic effects in patients with T1D. This view is based on the well-known insulin-antagonizing actions of GH and the insulin-sensitizing actions of IGF1 (11, 12) . Accordingly, the observed changes are likely to stimulate overall insulin sensitivity. Furthermore, it is important to acknowledge that bioactive IGF remained within the physiological range (26) , thereby making it unlikely that this may cause unwanted long-term IGF1R-mediated side effects. Finally, it could be hypothesized that it is beneficial to suppress the augmented secretion of GH in T1D, as an elevated GH secretion has been linked to the development of late-stage diabetic complications such as retinopathy (33) and nephropathy (34) .
In conclusion, this study demonstrated that, with the same doses, insulin detemir resulted in a more marked suppression of IGFBP1 than NPH insulin and insulin glargine under the 14-h experimental condition. The lower IGFBP1 concentration obtained after insulin detemir injection exerted influences on the levels of bioactive IGF and GH, but not on the total IGF1. Owing to the pharmacokinetic characteristics of insulin detemir, this analog appears to have the potential to improve the secondary GH hypersecretion caused by perturbation of GH-IGF-IGFBP axis in patients with T1D. However, this hypothesis requires further attention and its clinical relevance also needs to be determined. Author contribution statement Z Ma conducted the clinical study, analyzed data and wrote the manuscript. J S Christiansen, T Laursen and T Lauritzen contributed to the discussion and reviewed/edited the manuscript. J Frystyk contributed to interpretation of the results and wrote the manuscript.
